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012.12.0Abstract Trapped vortex combustor (TVC) is an advanced low-pollution gas turbine combustor,
with the adoption of staged combustion technique. To achieve low-pollutant emission and better
combustion performance, the proportion of the air ﬂow in each combustion zone should be pre-
cisely determined in the design of the combustor. Due to the presence of entrainment phenomenon,
the total air ﬂow in the cavity zone is difﬁcult to estimate. To overcome the measurement difﬁculty,
this study adopts the indirect measurement approach in the experimental research of entrainment
phenomenon in the cavity. In accordance with the measurement principle, a TVC model fueled
by methane is designed. Under two experimental conditions, i.e. with and without direct air intake
in the cavity, the inﬂuence of the mainstream air ﬂow velocity, the air intake velocity in the cavity,
the height of inlet channel, the structure of holder and the structural proportion of the cavity on
entrainment in the cavity is studied, respectively, through experiment at atmospheric temperature
and pressure. The results suggest that the air ﬂow velocity of mainstream, the air intake velocity
of the cavity and the structure of the holder exert signiﬁcant inﬂuence on the air entrainment, while
the inﬂuence of structural proportion of the cavity is comparatively insigniﬁcant. The square root of
momentum ratio of cavity air to mainstream air could be used to analyze the correlation of the
entrainment data.
ª 2013 CSAA & BUAA. Production and hosting by Elsevier Ltd.
Open access under CC BY-NC-ND license.1. Introduction
With increasing concerns on environmental issues, the reduc-
tion of pollutant emission and the extension of the service life82317422.
aa.edu.cn (R. Zhang), fweij@
orial Committe of CJA.
g by Elsevier
duction and hosting by Elsevier L
06of combustor has become the major orientation in the research
on combustor of gas turbine engine. Relevant researches on
low-pollution combustion technique have been conducted in
many countries, and the major low-pollution combustion tech-
niques include lean premixed prevaporized (LPP), variable
geometry combustor (VGC), rich-burn, quick-mix, lean-burn
(RQL), twin annular premixing swirler (TAPS) and trapped
vortex combustor (TVC).1–3 As the pollutant emission of the
combustor of gas turbine engine at low power status is differ-
ent from that at high power status, staged combustion technol-
ogy has been applied to many advanced low-pollution
combustors, which are segmented into several combustion
zones, and the fuel and air is separately injected into each oftd. Open access under CC BY-NC-ND license.
Fig. 1 Schematic diagram of entrainment phenomenon.
64 R. Zhang, W. Fanthe zones. Low-pollutant emission can be achieved by control-
ling the fuel–air mixing process and the combustion tempera-
ture of each combustion zone, respectively.2
TVC, which was ﬁrst proposed in 1993, adopts the staged
combustion technology. Structurally, TVC can be divided into
two combustion zones, namely, pilot combustion zone which
stabilizes the ﬂame and primary combustion zone which gener-
ates thrust. In pilot combustion zone, the cavity structure is used
to form the recirculation zone needed for stable combustion.4–6
TVC is a kind of combustor with huge application prospect due
to its simple and compact structure, low cost and low-pollutant
emission.4,7,8 It has been conﬁrmed by years of researches that
TVC has lower lean blowoff limit and higher combustion efﬁ-
ciency,9,10 which can ensure low emission of NOx and CO.
7,8,11
In TVC, when the mainstream air ﬂows through the main-
stream channel, part of the mainstream air is entrained into
the cavity.12,13 The entrained air plus direct air intake in the cav-
ity is the total air ﬂow rate in the cavity. After the design of the
combustor, the prediction of combustion performance of the
combustor such as pollutant emission and lean blowoff limit is
required. The exact total air ﬂow rate in the cavity zone is needed
to calculate the equivalent ratio of the combustion zone. How-
ever, the ﬂow rate of entrained air, compared with the direct
air intake in the cavity, is much more difﬁcult to be measured.
Even for the same cavity structure, the entrained air ﬂow
rate and the ratio of entrained air ﬂow rate to the mainstream
air ﬂow rate vary greatly under different experimental condi-
tions. Therefore, the research on the ﬂow rate of entrained
air in the cavity is a necessity. As the direct measurement of
the entrained air ﬂow rate is difﬁcult, indirect approach for
measurement is adopted.
Ref. 13 makes an exploratory study on the entrainment phe-
nomenon in the cavity formed by two coaxial circular plates ar-
ranged in parallel. This study, which follows the research
method in Ref. 13, conducted experiments on the entrainment
phenomenon in the cavity of TVC. The entrainment in the cav-
ity is divided into two categories: the natural entrainment
caused by the mainstream air ﬂowing horizontally through
the cavity and the jet entrainment caused by direct air intake
in the cavity. On the condition that there is no direct air intake
in the cavity, the impact of natural entrainment is studied; the
joint impact of natural entrainment and jet entrainment is also
investigated when there is direct air intake in the cavity.2. Measurement principle
2.1. Direct measurement approach
Fig. 1 is the schematic diagram of entrainment phenom
enon.
ma is the total air ﬂow rate in the cavity, consists of two
parts, of which one part is the ﬂow rate of air directly entering
the cavity, denoted as mcavity, and the other part is the ﬂow rate
of air entrained into the cavity, denoted as me. And, mmain is
the mainstream air ﬂow rate.
Suppose that some trace particles are added into the air,
and l is the trajectory length of the trace particle in the cavity
as measured in the experiment. s is the average resident time of
the particles in the cavity.13
By solving the relevant equations, the following formula is
obtained.me ¼ ls qAcavity mfuel mcavity ð1Þ
where q is the average density in the cavity, Acavity the area of
the cavity, and mfuel the fuel ﬂow rate.
However, some of these parameters are difﬁcult to measure,
which makes it almost impossible to estimate the air entrain-
ment by direct measurement approach. To solve this difﬁculty,
indirect measurement approach is adopted, as described
below.2.2. Indirect measurement approach
Based on the characteristics of lean blowoff limit of the gas
fuel, the air entrainment in the cavity could be calculated.13
When the combustion is stabilized in the cavity, the fuel ﬂow
rate is gradually reduced until the ﬂameout occurs. If the fuel
is well mixed with the air in the cavity, then it could be con-
sidered that the ﬂameout occurs at the lean blowoff limit of
the fuel–air mixture. The equivalent ratio corresponding to
the lean blowoff limit of the gas fuel at each pressure and
temperature can be obtained by referring to the literatures.
Next, me could be calculated based on the equivalent ratio
in combination zone with such parameters as the ﬂow rate
of the air intake in the cavity, the fuel ﬂow rate and the air
temperature. It needs to be guaranteed that when the com-
bustion status nearly approaches the lean blowoff limit, the
ﬂame should not exceed the range of cavity, and the fuel
and air in the cavity need to be well mixed. When the two
requirements are met in the experiment, me could be calcu-
lated according to Eq. (2):
me ¼ mfuel
Llean
mcavity ð2Þ
where Llean, i.e. the fuel–air ratio corresponding to the lean
blowoff limit of methane, is shown. The experiment is con-
ducted at atmospheric temperature and pressure. The curve
diagram of the inﬂuence of the pressure and the temperature
of non-combustion air on the ﬂammability limit of methane-
air mixture could be obtained by referring to Ref. 14. There-
fore, the lean blowoff limit of 5.3% (expressed in mole frac-
tion) under the experimental conditions is derived. Finally,
Llean is calculated based on the results obtained above.
As a supplement, the combustion temperature in the cavity
is measured in order to analyze the uniformity of the fuel–air
mixture in the cavity.
(a) U-type holder 
(b) V-type holder
Fig. 3 Schematic diagram of experimental piece with different
holders.
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3.1. Experimental pieces
Fig. 2 is the structural diagram of the experimental piece. To en-
sure the fuel well mixed with the air in this study, the methane
was adopted as the gas fuel, which precluded the atomization
of the fuel commonly involved in the use of liquid fuel. Methane
entered the cavity via fuel injector bar which was positioned at
the upper right corner of the cavity. 11 fuel jet holes, each of
which has the diameter of 1.2 mm, were arranged at equal spac-
ing in the fuel injector bar. A row of air jet holes was respectively
arranged at the upper part of the front wall of the cavity, the
middle part of the upper wall of the cavity and the lower part
of the back wall of the cavity, with 15 air jet holes for each
row and the diameter of 2.5 mm for each hole.
Quartz glass window was arranged on the lateral wall of the
shell of the experimental section. In the experiment, charge cou-
pled device (CCD) camera was used to record the combustion in
the combustor, and the photos shot served as the criteria to
judge whether the ﬂame was inside the cavity and whether the
ﬂame ﬁlled the entire cavity evenly at the moment of ﬂameout.
The case without direct air intake in the cavity and the case
with direct air intake in the cavity were studied respectively in
this research. For each case, the inﬂuence of various factors,
such as the air ﬂow velocity of mainstream, the inlet air ﬂow
velocity in the cavity, the height of mainstream inlet channel,
the blockage ratio of mainstream holder, the exit angle of the
mainstream holder and the proportion of the cavity structure,
on the entrainment ﬂow rate in the cavity and the entrainment
ratio was studied, respectively. Then for the same experimental
piece, the results with and without direct air intake in the cavity
were compared for the analysis of the inﬂuence law of natural
entrainment and jet entrainment on the air entrainment.
The experimental scheme included the scheme of heights for
ﬁve mainstream channels, the scheme of proportions of three
cavity structures and the scheme of four structures of holder.
The holder included two types, namely, U-type and V-type,
as shown in Fig. 3. In the common applications of holder,
the angle of V-type holder is usually set as 30. As only one
half of the symmetrical structure was taken as the research ob-
ject, the angle was set as 15 in the current study. Holder of
each type consists of two speciﬁc structures with different
blockage ratios. All of the parameters involved in the experi-
mental scheme are given in Table 1. In Table 1, H is the height
of mainstream inlet channel, D twice the length of the fore-wall
of cavity, L the length of the upper-wall of cavity, and h the
height of the mainstream holder.Fig. 2 Structural diagram of experimental piece.3.2. Experimental system
The experimental system is illustrated in Fig. 4. The entire
experimental system mainly includes mainstream air system,
cavity air system, fuel system and measurement system.
Mainstream air system: the mainstream air was supplied by
the air source; the air ﬂow was regulated by the control valve;
the air ﬂow was measured by the oriﬁce ﬂowmeter; the airﬂow
entered the combustor via the steady ﬂow section.
Cavity air system: the air was supplied by the air source; the
air ﬂow was regulated by the control valve; the air ﬂow was
measured by rotary ﬂowmeter.
Fuel system: the gas cylinder was used to supply methane;
the air ﬂow was measured by the rotary ﬂowmeter. Measure-
ment system mainly included the oriﬁce ﬂowmeter, rotary
ﬂowmeter, temperature sensors, pressure sensors as well as
data acquisition computer.3.3. Measurement station of temperature
As shown in Fig. 5, the ceramic probe equipped with thermo-
couple was adopted to measure the temperature. The measure-
ment station of the thermocouple was located inside the cavity,
20 mm away from the plane where the lateral wall was located.
By rotating the probe axis, the temperatures at eight positions
were measured. In the experiment, the quartz glass window
was ﬁrst installed on the lateral wall; the mainstream status
was adjusted to test status, before igniting the TVC. The fuel
was turned down gradually, and the lean blowout under this
state was estimated. Then the viewing window was replaced
by temperature measurement seat. After installing the temper-
ature probe, the TVC was re-ignited. The fuel was adjusted
higher than lean blowout to measure the temperature of com-
bustion zone. This measurement method avoided the impact of
ﬂame holding of the probe on the measurement results.
Fig. 4 Schematic diagram of experimental system.
(a) Station of thermocouple
(b) Serial number of station
Fig. 5 Schematic diagram of measurement station.
Table 1 Structural parameters of experimental piece.
Experimental scheme H (mm) L/D Type of holder h of holder (mm)
No holder-H= 12.5 12.5 0.66 None
No holder-H= 14.5 14.5 0.66 None
No holder-H = 16.5 16.5 0.66 None
No holder-H= 17.8 17.8 0.66 None
No holder-H= 19.8 or: cavity L/D= 0.66 19.8 0.66 None
Cavity L/D= 0.57 19.8 0.57 None
Cavity L/D= 0.47 19.8 0.47 None
Holder-big-U 19.8 0.66 U 15
Holder-big-V 19.8 0.66 V 15
Holder-small-U 19.8 0.66 U 11
Holder-small-V 19.8 0.66 V 11
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4.1. Feasibility of experimental scheme
When there is no direct air intake in the cavity, the fuel in the
combustion zone of the cavity is ignited ﬁrst. Then the meth-ane ﬂow is gradually reduced until the ﬂameout, as illustrated
in Fig. 6. It could be seen that, during this process, the ﬂame is
basically kept inside the cavity; when the lean blowoff limit is
nearly reached in the cavity, the ﬂame is completely kept with-
in the cavity, with uniform distribution (see Fig. 6(d)). In
Fig. 6, Vcavity is the velocity of air directly entering the cavity,
Vmain is the velocity of mainstream air in the cross section of
the mainstream holder. Fig. 7 is the photo of the case with di-
rect air intake in the cavity; Fig. 7(d) is the photo of the case at
the approach of the lean blowoff limit in the cavity.
In the experiment shown in Figs. 6 and 7, the mainstream
holder is not installed. The photos shot in the case with the
installation of different mainstream holders are consistent with
the photos mentioned in the paragraph above, and therefore
they are not presented here.
During the mixing homogeneity experiments, temperature
of the combustion zone in the cavity is measured. The results
of experiments are shown in Fig. 8. At different mainstream
velocities, the temperature distribution in combustion zone
shows a similar pattern. The temperatures are higher at Posi-
tions 1, 2, 3, and the temperature is decreased gradually along
the rotational direction of the vortex in cavity(1/2/3-8-7-6-5-4).
The temperature is the lowest at Position 4. This is due to the
fact that Positions 1, 2 and 3 are closer to the fuel nozzle. The
fuel–air ratio is high locally and decreases along the rotational
direction of the vortex.
To quantitatively analyze the mixing homogeneity in the
combustion zone, the average temperature Taverage in cavity is
calculated, and the non-homogeneity coefﬁcient / is deﬁned as
/ ¼ ðTmax  TaverageÞ=Taverage ð3Þ
where Tmax is the maximal temperature in the cavity.
(a) mfuel = 0.9 m3/h (b) mfuel = 0.8 m3/h
(c) mfuel = 0.7 m3/h (d) The moment of flameout
Fig. 6 Photo of cavity region (Vcavity = 0 m/s, Vmain = 36.8 m/s).
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non-homogeneity coefﬁcient decreases with the increasing
mainstream velocity. At the four mainstream velocities, the
non-homogeneity coefﬁcient is less than 5%. The results show
that the mixing in cavity is relatively homogenous, and the
experimental conditions satisfy the mixing homogeneity
requirements.
Thus it could be concluded that the experiment conducted in
this study satisfy the two requirements from themeasurement prin-
ciple, and the measured fuel ﬂow at the moment of lean ﬂameout
could be used to estimate the air entrainment in the cavity.Table 2 Uniformity of temperature distribution.
Vmain (m/s) Taverage (K) / (%)
26 1274 4.3
35 1287 3.3
43 1316 3.3
50 1342 3.04.2. Case without direct air intake in the cavity
(1) Inﬂuence of h on entrainment
The results without the use of holder are shown in Fig. 9. As
the mainstream velocity increases, the entrainment rate andentrainment ratio increases. This is because when the main-
stream air ﬂows through the cavity, a shear layer is formed.
As the mainstream velocity increases, the velocity gradient in-
creases, and the shear stress increases accordingly. As a result,
the impact of mainstream on the cavity increases, with the in-
creased entrainment rate and the entrainment ratio in the cavity.
At the same mainstream velocity, with the decrease of
mainstream channel height, both entrainment rate and entrain-
ment ratio increase. This is because when the channel height
decreases, the turbulence intensity of mainstream increases at
the same velocity; the interaction between mainstream air
and cavity air increases, with increased entrainment rate. In
addition, when the mainstream channel height decreases, the
mainstream ﬂow rate decreases, and hence the increased
entrainment ratio. Under all of the experimental conditions,
the ratio varies within the range of 2%–12%.
(2) Inﬂuence of holder on entrainment
As shown in Fig. 10, when holder with small blockage ratio
was adopted, with the increasing mainstream velocity, the
entrainment ratio increases. The reason is the same as in the
case of without holder. When holder with big blockage ratio
was adopted, with the increasing mainstream velocity, the
entrainment ratio ﬁrst increases before decreasing. This is be-
cause the area behind the holder with big blockage ratio is
greater, and there is also entrainment phenomenon. At greater
mainstream velocity, the entrainment ratio in cavity decreases.
(a) mfuel = 0.9 m3/h (b) mfuel = 0.8 m3/h
(c) mfuel = 0.7 m3/h (d) The moment of flameout
Fig. 7 Photo of cavity region (Vcavity = 6 m/s, Vmain = 43.5 m/s).
Fig. 8 Temperature distribution of cavity zone.
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shaped holder is larger than that of U-shaped one, which is
due to an angle between the V-shaped holder and the direction
of mainstream velocity to facilitate the intake of mainstream
air into cavity.
4.3. Case with direct air intake in the cavity
(1) Inﬂuence of h on entrainment
In the case without the installation of the holder, the height
of the mainstream inlet channel h varies with the same struc-
tural proportion of the cavity. As shown in Fig. 11, whenthe air intake velocity in the cavity is 6 m/s, the entrainment
ratio at smaller h is larger than that at larger h with the same
mainstream air ﬂow velocity.
In the case of without air intake in cavity, as the main-
stream velocity increases, both the entrainment rate and
entrainment ratio increase. In the case with air intake, as the
mainstream velocity increases, the entrainment rate increases,
and the entrainment ratio decreases.
The above-mentioned phenomenon can be attributed to
different variation trends of natural entrainment and jet
entrainment with mainstream velocity. For the natural entrain-
ment, as the mainstream velocity increases, the impact of
entrainment is enhanced, with increased entrainment ratio.
For jet entrainment, as the mainstream velocity increases, the
momentum ratio of cavity to mainstream decreases with re-
duced entrainment ratio. In the case without air intake in cav-
ity, only natural entrainment is present, leading to the increase
of entrainment rate with increasing mainstream velocity. In the
case with air intake in cavity, both natural entrainment and jet
entrainment are present, and therefore the entrainment ratio
decreases with the increasing mainstream velocity.
When the air intake velocity in the cavity is 11 m/s, the law
thus obtained is consistent with that when the air intake veloc-
ity in the cavity is 6 m/s.
(2) Inﬂuence of holder on entrainment
(a) Influence of h on me
(b) Influence of h on me/mmain 
Fig. 9 Inﬂuence of h on entrainment (without direct air intake in
the cavity).
Fig. 10 Inﬂuence of holder on entrainment (without direct air
intake in the cavity).
Fig. 11 Inﬂuence of h on entrainment (with direct air intake in
the cavity).
Fig. 12 Inﬂuence of holder on entrainment (with direct air
intake in the cavity).
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the results of no holder, holder-big-V and holder-big-U are
compared. It is shown in Fig. 12(a) that, at the same main-
stream air intake velocity, the entrainment ratio of V-type
holder is greater than that of U-type holder, and the minimum
entrainment ratio occurs to the case without the installation of
mainstream holder.
The results of no holder, holder-small-V and holder-small-
U are also compared. As indicated by Fig. 12(a), the entrain-
ment ratio of V-type holder is slightly higher than that for
U-type holder, and the ratio of no holder is also the lowest.
It is thus clear that with the same blockage-ratio, the
entrainment ratio for V-type holder is larger than that for U-
type holder, and the larger the blockage-ratio is, the larger
the different between the two entrainment ratios is.Fig. 12(b) shows that at high air intake velocity in the cav-
ity, the entrainment ratio signiﬁcantly declines as the main-
stream air ﬂow velocity increases in all of the experimental
schemes.
Fig. 13 Inﬂuence of structural proportion of the cavity on
entrainment.
Fig. 14 Comparison of natural entrainment and jet entrainment.
70 R. Zhang, W. Fan(3) Inﬂuence of structural proportion of the cavity on
entrainment
As shown in Fig. 13(a), when the air intake velocity in the
cavity is 6 m/s, the entrainment ﬂow rate with L/D= 0.47 at
the same mainstream air ﬂow velocity is minimum among
the three schemes of L/D, while entrainment ﬂow rate to the
scheme with L/D= 0.57 is maximum.
When the air intake velocity in the cavity is 11 m/s, as
shown in Fig. 13(b), the variation law thus obtained is
consistent.
The goal of this paper is to provide the technical basis for
engineering applications of the TVC. As shown in Fig. 2, the
air intake in cavity is via the three rows of openings into the
combustion zone; the air intake in cavity cools the wall before
combustion. As the air intake in cavity enters the combustion
zone close to the wall, with the increasing velocity of air intake,
the difference in air ﬂow velocities near the wall and inside cav-
ity increases Thus, mixing homogeneity in cavity is difﬁcult to
ensure. Therefore, the experiments are not conducted at higher
velocities of air intake in cavity.
4.4. Comparison of natural entrainment and jet entrainment
The case without the installation of the holder is ﬁrst analyzed.
When there is no direct air intake in the cavity, the
entrainment caused by mainstream air ﬂowing horizontally
through the cavity is the mode of natural entrainment. The
Vcavity = 0 m/s curve in Fig. 14(a) reveals that the entrainment
ratio increases with the increase of mainstream air ﬂow veloc-
ity, though in an insigniﬁcant way as the entrainment ratio
only increases from 2% to 3%. Thus, it is obvious that for nat-
ural entrainment, the ratio increases slowly with the increase of
mainstream air ﬂow velocity, and the ratio’s value is also rela-
tively low.In the case with direct air intake in the cavity
(Vcavity > 0 m/s), the entrainment in the cavity consists of
natural entrainment and the jet entrainment caused by direct
air intake. As indicated by Fig. 14(a), at the same air intake
velocity in the cavity, the entrainment ratio at ﬁrst declines
rapidly with the mainstream air ﬂow velocity, and it does
not further vary with the change of mainstream air ﬂow veloc-
ity after it decreases to a certain value. It is found that the
inﬂuence of jet entrainment is more signiﬁcant than that of
the natural entrainment; moreover, the larger the jet velocity
is, the higher the entrainment ratio is.
Then the case with the installation of the holder is analyzed.
When there is no direct air intake in the cavity, as indicated by
Vcavity = 0 m/s curve, the ratio slowly increases with the in-
crease of mainstream air ﬂow velocity, from 2% to 4%. A con-
clusion that the role played by natural entrainment is rather
insigniﬁcant is thus reached, which is as same as the conclusion
in the case without the holder.
As shown in Fig. 14(b), when there is direct air intake in the
cavity (Vcavity > 0 m/s), the entrainment ratio at ﬁrst sharply
declines with the increase of mainstream air ﬂow velocity at
Experimental study of entrainment phenomenon in a trapped vortex combustor 71the same air ﬂow velocity in the cavity, and then it maintains at
a basically constant level. When the mainstream air ﬂow veloc-
ity exceeds 80 m/s, the ratio corresponding to different air in-
take velocities in the cavity is roughly the same. Thus, a
conclusion, which is the same as that in the case without the
holder, is reached: the inﬂuence of jet entrainment is more sig-
niﬁcant than that of natural entrainment.
At the same mainstream velocity, the entrainment ratio
without air intake in cavity is higher than that in some cases
with air intake, as shown in Fig. 14(c). This indicates that
the natural entrainment is dominant under certain conditions.4.5. Correlation of entrainment data
According to the hydrodynamic principle, the entrainment is
driven by momentum.13,15–17 In Ref. 18, the square root of
the momentum ratio of jet ﬂow was introduced for the corre-
lation analysis of recirculation zone during the entrainment
ﬂow. In Ref. 13, the square root of the momentum ratio was
also introduced to analyze entrainment phenomenon. All of
the research results indicate that the entrainment is subject
to more signiﬁcant impact from the square root of momentum
ratio.
The following section is devoted to the data analysis of
entrainment experiment by introducing the square root of
the momentum ratio of cavity air to mainstream air. To ensure
both the precision of the minimum value and the accommoda-
tion of larger variation scope, logarithmic coordinates are
adopted to represent the square root of momentum ratio.
Mmain is the momentum of mainstream air, Mcavity is the
momentum of air directly entering the cavity, and Cor is de-Fig. 15 Correlation among the entrainment data (experimental
piece itself).ﬁned as the correlation coefﬁcient between (Mcavity/Mmain)
0.5
and entrainment ratio.
(1) Correlation among the data of experimental piece itself
The results obtained with the scheme of L/D= 0.57 with-
out the holder are shown in Fig. 15(a). It could be seen that
when (Mcavity/Mmain)
0.5 < 0.05, the entrainment ratio does
not vary with the increase of (Mcavity/Mmain)
0.5; when (Mcav-
ity/Mmain)
0.5 > 0.05, the ratio sharply increases with the in-
crease of (Mcavity/Mmain)
0.5, and the greater the air ﬂow
velocity in the cavity is, the smaller the value of (Mcavity/
Mmain)
0.5 corresponding to the ratio at the very beginning of
the increase.
The results obtained with the scheme of L/D= 0.66 with
the mainstream holder are shown in Fig. 15(b). Similar to
the above result, (Mcavity/Mmain)
0.5 = 0.05 serves as the critical
point. When (Mcavity/Mmain)
0.5 > 0.05, the ratio increases rap-
idly with the increase of (Mcavity/Mmain)
0.5. Different from that
of the ﬁrst experimental piece, the curves corresponding to ﬁve
different mainstream air ﬂow velocities of this experimental
piece are basically overlapped, while those of the ﬁrst experi-
mental piece are basically overlapped only when (Mcavity/
Mmain)
0.5 < 0.05.
It is shown in Fig. 15 that the correlation coefﬁcient Cor be-
tween (Mcavity/Mmain)
0.5 and the entrainment ratio are above
0.89 in all cases, which indicates signiﬁcant correlation be-
tween the two.
(2) Correlation among the data of different experimental
piecesFig. 16 Correlation among the entrainment data (different
experimental pieces).
Table 3 Measuring accuracy of each parameter.
Parameter Accuracy (%)
Air ﬂow rate 0.5
Fuel ﬂow rate 0.5
Air pressure 0.2
Air ﬂow velocity 1
Temperature of combustion zone 1
Entrainment ratio <18
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ent structural proportions of the cavity are shown in Fig. 16(a).
The inﬂection point for all of the three curves is (Mcavity/
Mmain)
0.5 = 0.13. When (Mcavity/Mmain)
0.5 > 0.13, the entrain-
ment ratio for all of the three experimental pieces increase rap-
idly with the increase of (Mcavity/Mmain)
0.5. For the same
(Mcavity/Mmain)
0.5, the entrainment ratio with L/D= 0.57 is
higher than that with L/D= 0.47 and L/D= 0.66.
The experimental results with different structures of the
holder are given in Fig. 16(b). Except for the curve correspond-
ing to Holder-big-V, the remaining curves respectively corre-
sponding to the four experimental pieces are basically
overlapped. When (Mcavity/Mmain)
0.5 > 0.1, the entrainment
ratio rapidly increases with the increase of (Mcavity/Mmain)
0.5
for all of the four experimental pieces. The ratio indicated by
the curve corresponding to the scheme of Holder-big-V is sig-
niﬁcantly higher than that indicated by the remaining four
curves. This might be attributed to the larger blockage ratio
of the holder and the certain angle of the holder, which allows
part of the mainstream air to enter the cavity directly. How-
ever, this inﬂuence is absent with relatively smaller blockage
ratio of the holder. This is the reason why the curve corre-
sponding to the scheme of Holder-small-V is better overlapped
with the remaining curves.5. Experimental uncertainty analysis
The uncertainty analysis is added to consider the impact of the
following factors on the uncertainty of entrainment measure-
ment: the precision of the measuring devices, the temperature
non-homogeneity in combustion zone, and the average tem-
perature in cavity lower than the theoretical combustion
temperature.
In the uncertainty analysis method, the expression for the
indirectly measured quantity Y is Y= f (X1, X2, . . . , Xn). Thus
its relative error is given by DY
Y
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃP
Xi
Yð Þ2

@f
@Xi
2
DXi
Xi
2q
.
The mainstream status at the velocity of 50 m/s is analyzed
as follows.
Only the impact of the precision of measuring devices is
considered ﬁrst; the measuring accuracy of mainstream air
ﬂow and fuel ﬂow is 0.5%. The measuring accuracy of fuel–
air ratio is Df/f=± 1.5%.
Then the impact of temperature non-homogeneity in the
combustion zone is considered. As mentioned previously, the
non-homogeneity coefﬁcient / is 3.0%. The precision of ther-
mocouple used to measure temperature is 1%, and the actual
accuracy of fuel–air ratio is Df/f=± 4%.
The situation in which the average temperature in combus-
tion zone is lower than the theoretical temperature is consid-
ered. The theoretical combustion temperature corresponding
to the experimental status is 1543 K.14 As discussed earlier,
the average temperature Taverage is 1342, 201 K lower than
the theoretical combustion temperature. The ratio of tempera-
ture difference to theoretical combustion temperature is 13%;
the measuring accuracy of entrainment ratio is
Dðme=mmainÞ
me=mmain
¼ 15%.
Similarly, the measuring accuracy under other statuses
could be obtained. The lowest accuracy is 18%. The measuring
accuracy of each parameter is shown in Table 3.In this analysis, the difference between average temperature
in combustion zone and the theoretical combustion tempera-
ture is used to analyze the experimental uncertainty. The fact
that the average temperature in combustion zone is lower than
the theoretical combustion temperature is partly due to the
heat loss of combustor, which leads to a lower measuring tem-
perature of the combustion zone. However, this does not affect
the calculation of entrainment rate and entrainment ratio.
Therefore, the actual measuring accuracy is higher than the
above one.
6. Conclusions
(1) Two requirements from the measurement principle are
met in this experiment. At the approach of lean blowoff
limit in the combustion zone of the cavity, the ﬂame is
kept inside the cavity, with good fuel–air mixture. The
entrainment ﬂow rate and entrainment ratio are calcu-
lated according to the measurement principle.
(2) The natural entrainment is studied in the case without
direct air intake in the cavity. The inﬂuence of the main-
stream air velocity, the height of inlet channel and the
structure of the holder on the entrainment is analyzed,
respectively.
(3) Natural entrainment and jet entrainment in the case
with direct air intake in the cavity are examined. The
inﬂuence of the mainstream air ﬂow velocity, the air
intake velocity in the cavity, the height of inlet channel,
the structure of the holder and the structural proportion
of the cavity on the entrainment is analyzed,
respectively.
(4) The inﬂuence of jet entrainment caused by direct air
intake in the cavity is much more signiﬁcant than that
of natural entrainment without direct air intake in the
cavity under common conditions, and the natural
entrainment is dominant under certain conditions.
(5) When there is no direct air intake in the cavity, the
entrainment ratio increases slowly as the mainstream
air intake velocity increases. In the case with direct air
intake in the cavity, the entrainment ratio at ﬁrst
declines rapidly with the increase of mainstream air
intake velocity and then remains basically constant after
reaching a certain level.
(6) The correlation of the entrainment data could be ana-
lyzed using the square root of momentum ratio of cavity
air to mainstream air.Acknowledgement
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